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CRITICAL ISSUES AND DIRECTIONS FOR FRACTURE MECHANICS
AND STRUCTURAL INTEGRITY

INTRODUCTION

Fracture mechanics is the discipline in which concepts and methods are developed and applied
for material selection and the assurance of structural integrity. The dimensional scale of interest in the
study of fracture mechanics spans several orders of magnitude. It can, however, be divided into tnree
distinct regimes: micromechanical. macromcchanical and str,tural. The micrornechauical scale is the
domain where the mechanisms of deformation and damage may be described, The features of interest
at this scale include dislocations, voids and microcracks. Constitutive relations in this domain are
formed from hypotheses. The macromechanical scale relies on the concept ol a homogeneous volume
element which allows the continuous point determination of stress, strain and energy. A crack can be
resolved to a dimension no smaller than the dimension of the volume element. The constitutive rela-
tions which deszribe tho behavior in this domain are phenomenological. The structural scale, which is
also considered to be continuous but may be globally inhomogeneous due to the nature of its design
or fabrication, is on the order of structural component dimensions.

It is obvious that the features observed at one dimensional scale can only be used to describe and
understand the behavior in a doma;n of equal or greater dimensional scale. It must be remembered
that since an objective of the fracture mechanics discipline is to obtain solutions at the structural scale.
any formulation must be able to accurately predict deformation and fracture at that scale.

Although significant work has been accomplished to describe the physical mechanisms at the
micromechanical scale [1.21. it is difficult to realize its application for solution of deformation and
fracture at the structural scale.

At the macromechanical scale, the classical concepts of fracture mechanics have been derived
from global analyses of cracked bodies. This has resulted in the strain energy release rate 131, stress
intensity factor 141, strain energy density factor 15] and contour integrals such as J 161. These con-
cepts are successful in predicting crack behavior when the loading is proportional (or periodic if crack
extension due to fatigue is involved), the material exhibits moderate toughness and the constraint is

high. These conditions result in local continuum deformations which approximate the restricft:,c
hypotheses of the derivations. Since there exists a range of practical applications. and laboratorN tests
can be developed, which approximate these restrictions, classical fracture mechanics will remain a
useful tool for the assessment of structural integrity.

Many problems, however, are significantly more sophisticated. These feature effects such as ine-
lastic constitutive response, large deformations, non-proportional loading. non-self-similar crack
extension or time-dependent behavior. These demand a more general approach than the classical frac
ture mechanics concepts based on a global e-rgetic analysis of cracked bodies.

Manuscript approved Ociohcr I , 1987.



Previous work [7-91 has provided insight to conceptualize and implement a general continuum

approach which uses the constitutive relations to decribe deformation, damage and fracture by the

continuous point variables of stress, strain and energy 110-181. Then, for a structural analysis, given

the geometry and boundary conditions of the problem, the cn'j:6ttrive relations are used in a compu-

tational solution (such as the finite element method) of the stress, stain and energy fields to assess the

collective behavior of these variables. The critical points are determined and the load or time to frac-

ture at a point is obtained from the local history of the stress, strain and energy

CONCEPTS

Continuum Stress-Strain Relation

The rational development of a constitutive formulation which accurately quantifie, the non!inflar

behavior of solids is complex due to features such as triaxial deformation which is dissipative, path

dependent and rate dependent; deformation which is sensitive to both dilatation and distortion: the

coupling of mechanical and thermal response.

Physical assumptions which simplify the formulation do not necessarily reduce the problem to

being trivial. Consider the assumptions of tinie-irdependent isothermal deformation. Further a,,unw

that the deformat;'on is such that it is adequately described by the traditional flow rule of incremental

plasticity which relates the components of stress and strain through an effect.ve uni".,ia ,,, and

strain. The requirement, for these conditions, then becomes the determination of a material uniaxial

stress versus strain relation.

Satisfxing this requirement for inelastic behavior is not trivial. The round bar uniaxial tensile

test specimen is typically used to obtain global load and displacement data. The data, for conditions of

uniaxial homogeneous deformation, can be normalized te stress and strain. However, these conditiom,

are approximated only tor extremely small strains. Generally. the results of this data reduction are

sensitive to test specimen geometry. as can be seen in Figure 1 tor the engineering stress-strain

responses of HY-100 steel. The true stress-strain responses will also exhibit geometry dependence.

The deformation field is triaxial and inhomogeneous which precludes the simple algebraic rednctin 4t

the load and displacement data to stress and strain.

Determining the continuum stress-strain relation requires the uncoupling of the material and

geometry influences of the observed test specimen deformation. This can be achieved by a hbrid

computational-experimental analysis of the deformation of the test specimens. This has been done h\

testing a series of round bar tensile specimens with differing gage lengths and diameters; treating the

continuum stress-strain relation as the unknown: performing finite element analyses of tile extreme

specimen geometries; iterating on the stress-strain relation until the differences between the predicted

and observed specimen deformations are acceptably small.

The solution for the continuum stress-strain relation of HY-I6) is hown in Figure 2. "hc

predicted global and local deformation; are compared with the experiments in Figures 3 and 4. [hc
results indicate the ability to determine a unique stress-strain relation, for the assumptions discussed

above, for which computational predictions of the deformation agree with experiments for dilfercmn

specimen geometries. Further details can be found in Reference [ 141.
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Continuum Toughness

Consistent with the above discussions, a cont.nuum definition of material toughness is embraced.
Thermodynamic considerations require that the appropriate toughness parameter be a state variable
relevant to the deformation process. This is particularly true when dissipative path-dependent material
deformation and damage processes are occurring. Thus, the absorbed energy of a continuum matzriaJ
volume at fracture is defined as the material toughness.

The use of an energy density has distinct advantages for three-dimensional deformation and frac-
ture. Energy density is a scalar which accounts for all components of the state tensors in a physically
consistent manner.

i.. particular, for assumed time-independent isothermal conditions, this quantity is the strain
energy density:

W hil l = P aW d

where p is the mass density. The material toughness is then:

wl O d f:I

where the subscript (epresents the critical conditions.

For ductile materials which deform due to flow, under conditions where there are only small
changes in the m-ass dUnity. one ma, define a volume density of the strain energy:

with an associated material toughness:

While the mass density of the energy is fundamental, the volume density is equally appropriate for
assumed constant volume deformation processes.

For the case of a uniaxial stress-strain curve, corresponding to a one-dimensional state of defor-
mation, the critical strain energy density corresponds to an area under the uniaxial stress-strain curve:

W, d

This representation is desirable for use with traditional constitutive formulations which rely on
an effective uniaxial stress-strain relation, as discussed previously. The termination points correspond
to the points of observed failure of the test specimens used to determine the continuum stress-strain
relation. The history of the triaxiality of the local deformation state at the center of the specimen and
the resulting criticai strain energy density are observed to depend on the specimen Peometry P- --
'e seen in Figure 5 for H-IY-I(X). However, since the critical strain energy density is observed, for this
material, to be relatively insensitive to the history of the deformation state, the value obtained from
the tensile specimen which exhibits a triaxial deformation state from the onset of loading may be
taken, for engineering purposes, as a material constant.
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For a nim iltiaxial state of stress, each of the six component stress-strain pairs must be evaluated
and summed. While individual terms in the expression may be negative, their total must be positive.

Application of continuum toughness concepts provides the ability to predict the location as well
as the load at continuum fracture. A priori assumption of the critical site is not required. A relative
strain energy density ratio may be defined by normalizing the strain encrgy density at each point with
respect to the critical strain energy density. As the load increases, deformation progresses until. at a
location:

W

-1

and continuum fracture occurs.

Multilithic structures are assessed in a corsaLckat manner. A critical value of the strain enere\
density will exist for each constituent material. The strain energy density at each poini ,,iay then he
normalized with respect to the appropriate constituent continuum toughness. When:

'1

and:

<1 n = +.n - In + I. N

continuum fiacture occurs in material n,.

Relation Between Continuum and Micromechanical Features

Although one cannot predict the mechanisms of material deformation, damage and fracture from
continuum concepts, there must be a consistency between observed continuum deformation and
micromechanical features, It has been shown that the deformation of round bar tensile specimens of
HY-100 steel is dependent on the interaction of continuum material properties and specimen
geometry.

The fracture surface features of these specimens were examined using scanning electron micros-
copy. The results, shown in Table I, indicate the geometry sensitivity of the proportions of failure
due to cleavage, ductile tear, microvoid coalescence and the microvoid density and average aspect
ratio. The mechanisms of material deformation and fracture are thus dependent on the geometry and
loading and are not solely a material response.

STRU( TURAL INTEGRITY PREDICTIONS

Practical applications of the concepts to relevant problems of structural integrity are necessarN.
The problems addressed below are complicated by features such as component geometry. inhomo-
geneous materia! composition and nonuniform deformation fields. The local material properties, for
each problem. were determined consistent with the concepts discussed above for each constituent
material. A nonlinear finite element analysis was conducted for each problem using the ABAQJS
code.
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T-Section with Weld Defect Across Flange

Consider a butt welded T-section with a lack of fusion weld defect across the fiange a ,,hovn in
Figure 6. The critical location, that of the greatest relative strain energy density, determined from the
analysis is shown in Figure 7. The strain energy density at that location versus applied load i, also
presented. The strain energy density reaches 4.09 ksi, the continuum toughness ot the Acld metal. at
an applied load of 30.5 kips. Subsequent to the analysis, an experiment was conducted and the h¢ad at
initiation of failure determined to be 32.0 kips. Examination of the fracture surface indicated that iii-
tiation occurred in the vicinity of the location as predicted. Further details can he found in Rclerence
[131.

Relative Criticality of Defect

Consider a butt welded plate with a through thickness lack of fusion weld defect a" sho\,n in
Figure 8. The analysis determines the relative strain energy density to be high at two locations,. at the
edge of the defect and at the weld to base metal fusion line. The strain energy density versus applied
load at these locations arc shown in Figure 9. The strain energy density at the defect edge initiall,
rises rapidly. However, this trend is not maintained and the strain energy density at ohw, l,,a'iTi dcs
not reach the continuum toughness of the veld metal. A priori assumption of th- critu ali, -! the
defect leads to the conclusion that integrity is maintained. However, the deformation progrc,,Ies and
concentrates in the vicinity of the fusion line, as seen in Figure 10. It can be tc_ ,dhat !MiLIte
occurs when the strain energy density reaches the local continuum toughness of 4.09) k.i at an applied
strain of 7.8:i- Further details can be found in Reference 1181.

Weld System Performance

!he use Of tnese eonccpts for the optimum design or materia-stu.tura. systeins Ycin t't iw kciion-

strated b\ considering the influence of weld metal propcrties and presence o, weld crmxii (,i the
integrity of HY-1(K) wel,' systems. Analyses were performed on butt welded plates %,ith double V-
.Velds. one inch thick and twenty inches in length, subjected to longitudinal tension as shoori schemat-

.........in FIi,,re I I The heat affected zone was divided into four subzones for the purpo,,e o)f ssien-
ing appropriate material properties. Candidate weid metals possessed v;eld streneths 17" oer ecn
or 17% under niatching the yield strength of the base metal. The strain energy density at cach point is
assessed relatiC to the continuum toughness of each constituent material to determine the location -ind
load of failure initiation. Th, results, presented in Figure 12 in terms of the predicic glohal load-
displacement behavior tbr each condition, indicate that the system ductility sigkifiantlv depends on
the weld metal properties and presence of the weld crown. Similar analyses can he conductcd to
assess the influence of other material, geometry and loading conditions. Further details can be tound
in Reference 1161.

CLOSURE

lhe 1. ol[t Inum stress-strain relation and the continuum toughness, in tells ( it itl , strin
energy density, provide a method for the solution of sophisticated problems in the tid ol fracture
mechanics. Features such as constitutive and geometric nonlinearities, inelastic dtorIn1ion. triaial
non-proportional loading and multilithic structures pose no barriers to application of the method. Ihe
principles may he extended for time-dependent and non-isothermal analyses.

The continuum matenial properties are determined by a hybrid compttational-experientail
analysis of the deformation of simple uncracked laboratory test specimens. This allo's the uncoupling
of material and geometry influences of the observed test specimen deformation. I his continuum
stress-strain relation and continuum toughness are the basic continuum properties of thm material for
assumed time-indcpcndent isothermal conditions.
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Observed micronmechanical features are directly relatable to the continuum deformation. The
mechanisms of material deformation and fracture are thus dependent on the geometry and loading and
are not solely a material response.

The approach provides a methodology for the prediction of structural integrity. A priori
assumption of the failure initiation site is not required, providing the ability to predict behavior fmr
problems where the failure initiates away from an existing defect and for problems where no deicet
exists.

The future demnands on the discipline of fracture mechanics will be complex and sphist .aCJ
In addition to assessing the integrity of existing structures and material selection, fracture mechanic,
must provide a rational framework for the determination of design allowabes, both structural and

material. This will result in improved structural performance and provides the basis for the ,cicntitK
design of new advanced material systems. This will allow the fulfillment of requirements of structura
configurations in an optimum manner with respect to mission speciications, wkeight. daniage l lci
ance, durability, survivability and reliability.

The demands arc further complicated by the emphasis on nltim0issin1 capabilit. . hii r'quIre,
that structures are able to operate under radically different loading conditions. Future applications \\il l
necessitate materials, structures and operating conditions where service experience is lacking. l hc,,c
\Aill often behave diffCrentl\ than previous generations of systems.

Validations of stictural designs, driven solely by lack of contidence in predicted response. are I
costil and time cons am ng process. Overconservative designs are the only option. axailable to countcr
unpredictable and potentiall\ catastrophic performance.

Fracture mechani,-s must provide a general and unified framnework to address this divcri )t
issues. The approach i..,:,t he di,rahle and emphasize accuracy, versatility and consistenc\. This cin
only be achiexed by a fundamental quantitative understanding of the interrelation of material behavior,
structural gcomctrv and environment (mechanical, thermal and chemical); this require' the s,steiatic
interaction betwcen theoretical concepts and active experimental observation. The goal is a rationad

.... "i,. ,,,.lg it '.. th2 anai ". . iiid desigr, of nmateriat-suiuctitai sy.,t im;.
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Table I - Observed Fractographic Features of H 'Y -i oO Steel

Gage Gage Average MV Linear MVC Ductile Teai Clca agc
Length Dia. Aspect Ratio MV Density Fraction Fraction Fractioll

(in) (in) (#/10 4m)

2.0 0.3 0,7656 2.39 0.8986 0-0613 0.0401
0.5 0.3 0,5710 2.21 0.7679 0.0911 0 1410

2.q 0.7 9.4244 2.01 0.5970 0.1472 ).2558
0.5 0.i 0.2266 1.79 0.4129 0.2(X)8 .3863



S C )

/ 0 L1010

CN ~ CD/L
/ z -J

/ /J

*, / H./ I D
I) CD C-) C )C

0:( 14 CN0 1

(ISN)~~ SSHS-)Nd3IN

:19



C0

CD

0

C!)

100



CD

/ 0 Lf 0C
C'4 CD 0 0)

I iIN

CC

0 0c N 0D 0 0D 0t 0 0

(!S)1) SS38iS 9NI83NION3



00

CN

C0

VAM-

S-t



a -

(D~~~ cc -D. o D 0

_ IC

-r 0

C, 0 0 a) al 0 0D C , I D

0 00' 0 o o 8 c o

S) SIN3dVOdAO SS3S

13=



LU
H z

LL 0 C
LU- -j H-

z "o LO LL
(N U

IILO

F- (D

LU Z

z 0

'41



U)

C)
-J

i~~O U

IC)

u CU)

- 0 _ 0

CY)

0

T-- TJ

cNI/ ~ ~ ~ ~ ~ 1 0N.. 81O 'AAINaA8

10 0 -5



r-i

Lii

r- tL

C

6 16

- ------------- L---



co0

0

(80

I-
U)

00

O -

-J 0R
C)

0O 0D L ) 0D LO 0) U 0c

(!Sl) MA 'AJJSN3Gl A98I3N3 NIVHiS

17



II n i -a n! n

1€3

C-

C .4

i LE

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



LU

LU

V')

Cl)< N

K<

LL'9



U

< C)

cQ -jJ -J

LLLU

0 LUL

LU LU
> -

Z Qia

C)

C C C C C C) C> C) C
CN C 0 (C CN

!S)1 '0 SS3HiS IVNicfliiONO1

20



ATE

.1 LMED:



8






